This paper presents a novel micromachined probe with a miniature film-bulk-acoustic-resonator (FBAR) mass sensor integrated at the tip. The detailed fabrication processes for a silicon microprobe and an SU-8 microprobe are described and discussed. The electrical performances of FBARs integrated on both the microprobes were characterized and compared. The semiconducting silicon was found to degrade the FBAR's quality factor (Q) significantly, due to the GHz electromagnetic wave's energy loss in the low-resistivity silicon. Yet, the FBAR on the SU-8 probe was measured to have a higher Q than that on the silicon probe, as the SU-8 polymer material is highly resistive and electrically insulating. As an application demonstration, the fabricated SU-8 probe was successfully used in detecting Hg 2+ concentration in liquids. The integration of a resonant mass sensor with a micromachined probe offers easy access to sensing environment with minimal disturbance to the environment.
Introduction
Micromachined probes with integrated microelectrodes have been extensively developed and studied for recording neural signals in the nervous system. The microelectrodes either record the neural 'spike' potentials produced by ionic current flow around neurons (generated as signals propagated from neurons to neurons) or stimulate neurons to generate the ionic current flow.
The microprobes incorporating the microelectrodes act as an interface between neurons and electronics for convenient and stable detection of neural signals or neural stimulation. The pioneering work [1, 2] by Wise et al at University of Michigan has been followed by numerous studies [3] [4] [5] [6] [7] [8] [9] [10] [11] that exploit micromachining technology to build neurological microprobe electrodes.
Among many materials [12] [13] [14] [15] [16] that have been explored for the structural body of a microprobe, silicon and polymers 4 Author to whom any correspondence should be addressed.
are most frequently used. Silicon as a mechanical material has been studied for decades, and numerous techniques have been developed to shape silicon into any desired structure with great precision. A silicon microprobe can be fabricated in a very small form factor with its fabrication process being compatible with the fabrication process for integrated circuits, enabling monolithic integration of microprobes and circuits on a single chip. However, silicon is rigid, and polymers like parylene, polyimide and SU-8 are preferred for flexible microprobes, since their elastic moduli are orders of magnitude smaller than those of silicon (or metals). Also, most of the polymer materials are biocompatible, offering distinct advantages in chembio and biomedical applications.
Microelectrodes have been integrated on microprobes mostly for detection of neural activity, and can measure action potential but not much more. Substituting the microelectrodes with other elements (such as miniature sensors for temperature, humidity, pressure, etc) will allow microprobes to be used for many more applications. Acoustic mass sensors based on acoustic resonators have been extensively studied for decades. If an acoustic mass sensor is incorporated into a microprobe, the sensor may open up new applications or change the conventional way to take measurements. There are various kinds of acoustic mass sensors. Quartz crystal microbalance (QCM) is a representative acoustic mass sensor consisting of a quartz disk sandwiched by two metal electrodes and operating with the fundamental resonant frequency from several MHz to tens of MHz [17] . The resonant frequency of a QCM decreases with any mass added to its surface. Another acoustic mass sensor is a sensor based on a surface acoustic wave (SAW) resonator. A SAW resonator can be made to have its fundamental resonant frequency up to a few GHz, as it is mainly determined by the periodicity of the interdigitated (IDT) electrodes of the device [18] . An added mass on a SAW changes the velocity of the SAW propagating from the transmitting IDT electrode to the receiving IDT electrode, which could be detected by building an oscillator between the two IDT electrodes to measure variation in the oscillation frequency. Acoustic resonators such as the resonator used for the QCM and the SAW resonator as well as an acoustic plate wave (APW) resonator [19] and a flexural plate wave (FPW) resonator [20] show a high quality factor (even in liquid), and are capable of detecting an extremely small mass change. However, the lateral dimensions of the above devices are not small enough for the tip region of a microprobe. The film bulk acoustic resonator (FBAR), on the other, is small enough for the tip, and also presents many advantages such as high quality factor, high mass sensitivity, IC compatible fabrication process, etc. We fabricated an FBAR mass sensor at the tip of a micromachined SU-8 probe [21] . The miniature size of an FBAR sensor is ideal for its integration with a microprobe, which in turn acts as a solid carrier for the sensor and provides the sensor with easy access to external signal processing circuits.
In this paper, the fabrication and characterization of the FBAR-integrated SU-8 microprobe are described in further detail and compared with those of the FBAR-integrated silicon microprobe.
FBAR mass sensor
A typical FBAR is composed of a piezoelectric film sandwiched between two metal layers with an optional support layer. A bulk longitudinal acoustic standing wave is formed in the resonator when an alternating voltage is applied between the two metal electrode layers. The resonant frequency of an FBAR is sensitive to any mass added to the surface of the FBAR. Mass sensitivity (cm 2 g −1 ) of an FBAR is defined as the relative resonant frequency shift per unit mass added to the unit area on the resonator [22] , and is a function of the material properties of the layers in the resonator (and is not expected to change with different environments). The quality (Q) factor of an FBAR could be calculated from the phase slope of measured impedance of the resonator [23] , and is a critical parameter that affects the minimum detectable mass change or mass detection resolution of the FBAR (when used as a mass sensor). A higher Q of the FBAR leads to a smaller mass change that the FBAR sensor can detect. The Q of an FBAR operating in liquid is predominantly affected by the attenuation of the longitudinal wave leaked into the liquid, though other factors such as internal loss in the piezoelectric film and leakage of acoustic energy into the substrate through the resonator edges lead to Q degradation as well. Thus, in an extreme case, the FBAR's lateral dimension can be decreased down to about five times its thickness (a few microns), without a significant drop in Q.
The thickness-mode resonant frequency of an FBAR (usually several hundred MHz to several GHz) is determined by the thickness of its constituting layers, and varies with any additional mass added to the resonator surface. This mass-dependent resonant frequency provides the basis for mass sensing.
FBARs coated with specific antibodies have been demonstrated to selectively detect vapor traces of TNT (trinitrotoluene, a common explosive) and RDX (cyclotrimethylenetrinitramine, which has one of the lowest vapor pressures among various explosives) without any preconcentrator [24] . Also, an FBAR sensor coated with a thin gold film has been shown to detect as low as 10 −9 M Hg 2+ (i.e. 0.2 ppb Hg 2+ ) in real time in water [25] . Note that the 0.2 ppb level is an order of magnitude lower than the allowable maximum Hg 2+ concentration in drinking water regulated by the US government. Moreover, the highly sensitive FBAR mass sensors have been applied to detect DNA hybridizations [26] and protein reactions [27] with no labeling or fluorescent tags that are required in traditional bio-molecular detection methods. To fabricate the FBAR, we deposit a silicon nitride layer on a bare silicon wafer in a low-pressure chemical vapor deposition (LPCVD) system. Then we form silicon nitride diaphragms by wet etching the backside of the silicon wafer in a hot potassium hydroxide (KOH) solution. Over the diaphragms, we deposit aluminum (Al) by e-beam evaporation, and then pattern it for the bottom electrode. Then zinc oxide (ZnO) is deposited over the bottom Al layer by sputtering, followed by deposition and delineation of another Al layer for the top electrode. The FBAR fabrication is complete when the ZnO layer is patterned to open up contact holes for the bottom electrode.
The FBAR is then deposited with 1000Å thick gold for Hg 2+ sensing in liquid, since Hg 2+ amalgamates with gold, producing a mass change on the FBAR surface (and thereby decreasing the FBAR resonant frequency), as illustrated in figure 1 . Figure 2 
Fabrication and measurement of micromachined probes with integrated FBAR mass sensors

Micromachined silicon microprobe
A microprobe with an integrated FBAR sensor is composed of three major segments: a probe base serving as a structure supporting the platform, a probe tip where the FBAR sensor is integrated and a probe shank between the base and the tip. In operation, the microprobe is inserted into a target medium with the FBAR sensor at its tip manipulated to be in contact with the analytes under testing, while its base and shank are left outside the medium. The signal from the FBAR sensor is transmitted through coplanar metal strip lines (on the probe shank) to the metal pads (on the probe base), where the signal is read out by a signal detection circuit or measurement instrument.
Silicon is routinely selected as the structural material for the probe shank because of its outstanding mechanical properties and numerous micromachining techniques. Thus, we have fabricated an FBAR-integrated silicon microprobe, following the fabrication steps shown in figure 3 . First, a bare silicon wafer ( figure 3(a) ) is cleaned with piranha solution to remove organic contaminants, and then with a diluted HF solution to remove any silicon oxide. The cleaned wafer is deposited with a low-stress LPCVD Si x N y ( figure 3(b) ). The chemically inert Si x N y film conformally covers the wafer and provides resistance to corrosion from many acidic or alkaline solutions. The Si x N y on the wafer backside is photolithographically patterned with reactive ion etching (RIE), and the silicon is etched in the KOH solution for 40 min ( figure 3(c) ). The depth of the silicon etched in this step defines the thickness of the eventual probe shank, which is around 100 μm. Then, a similar process as previously executed is performed to open a window (at the wafer backside) which defines the position and lateral dimension of the probe shank. The wafer is again immersed in the KOH solution for etching the exposed silicon regions, and the etching is stopped immediately when the wafer has been etched through to the earlier patterned areas ( figure 3(d) ). This timed etching leaves about 100 μm thick silicon in other opened regions for the probe shank. Then the wafer is thermally oxidized in a furnace to produce a thin layer of silicon oxide over all exposed silicon areas ( figure 3(e) ), which will act as a barrier layer for short KOH etching to be performed at a later step. A photoresist layer is coated at the backside of the wafer by either spin-coating or spray-coating, though the latter is preferred for more consistent and uniform photoresist coverage over an uneven surface. With yet another photomask (the third one so far), we form trenches and a 100 × 100 μm 2 diaphragm in the 100 μm thick silicon/Si x N y plate by successively performing the steps of photoresist exposure, photoresist development, RIE silicon oxide etching and KOH silicon etching ( figure 3(f ) ). The 100 × 100 μm 2 diaphragm is for the FBAR sensor, while the trenches are to define the geometry of the probe shank. At this point, the preparation work for the microprobe at the backside of the wafer is done, with the entire frame of the probe base, shank and tip still being connected to the wafer by the Si x N y membrane at the front side. The subsequent fabrication steps for forming the FBAR at the probe tip are similar to those for making an individual FBAR that are described in the previous section, comprising bottom Al electrode deposition and patterning, ZnO sputter-deposition and top Al electrode deposition and patterning ( figure 3(g) ). After forming the FBAR, we deposit the parylene film which is inert, biocompatible and moisture blocking, and open up contact holes in the parylene and ZnO films ( figure 3(h) ) for access to the bottom electrode. Finally, the microprobes are released from the wafer by etching away the Si x N y ( figure 3(i) ) with RIE. Pictures of a fabricated FBAR-integrated microprobe are shown in figure 4 .
The fabricated device has been tested by a three-tip RF probe (ground-signal-ground) which is connected to a network analyzer. The measured impedance of the device in the Smith chart as well as the corresponding S 11 over a wide frequency range is shown in figure 5 . The FBAR is measured to have fundamental and second harmonic resonances at 1.55 and 2.9 GHz, respectively. The quality (Q) factor of the fundamental resonance is calculated to be about 40 from the measured impedance, which is nearly one order of magnitude lower than that of a typical FBAR. The Q degradation can be traced to the energy losses to the relatively high series resistance and the lossy silicon shank as well as the loss through the FBAR edges. The acoustic energy leakage through the four edges of an FBAR with a rectangular top-view tends to increase as the FBAR's lateral dimension is reduced, but can be minimized by properly arranging the boundary conditions. The long metal strips that connect the FBAR to the pads on the probe base present a relatively large series resistance, which takes away electrical energy, reducing Q. This resistive loss can be lowered by using more conductive, wider and/or thicker metal strips. Finally, a considerable amount of GHz electromagnetic wave propagating in the metal lines is absorbed by the underlying silicon that is semiconducting.
SU-8 FBAR sensor
SU-8 FBAR sensor By substituting the low resistive silicon with high resistive materials (for example, polymers such as SU-8), the energy loss could be substantially lowered.
Micromachined SU-8 microprobe
Among various polymer materials that have been widely explored for biochemical and biomedical applications, we have chosen SU-8 to substitute silicon as the structural material, because SU-8 has many advantages such as good mechanical properties, excellent chemical resistance, simple photolithographic patterning and proven ability to form high aspect ratio structures. To fabricate an FBAR-integrated SU-8 microprobe, a bare silicon wafer ( figure 6(a) ) is cleaned following the same steps as described in the fabrication of the silicon microprobes. Silicon oxide is thermally grown on the silicon wafer in a furnace, followed by Si x N y film deposition in a LPCVD system ( figure 6(b) ). After the Si x N y and SiO 2 on the backside of the wafer are patterned, the wafer is etched in the KOH solution until around 100 μm thick silicon in the patterned areas remains ( figure 6(c)) . The wafer is then thermally oxidized to grow a protective silicon oxide layer for later XeF 2 etching ( figure 6(d) ). Now, on the front side of the wafer we perform bottom Al electrode deposition and patterning, ZnO sputter-deposition and top electrode deposition and patterning (figure 6(e)) to form the FBAR. Afterward, a parylene passivation film is conformally coated, followed by spin-coating of a 15 μm thick SU-8 film over the parylene. When contact holes are opened up in the thick SU-8 film and underlying parylene (figure 6(f )), the device fabrication is almost complete on the wafer. Photographs of the microprobes on the wafer are shown in figures 7 and 8. Finally, the Si x N y and SiO 2 on the front side of the wafer are patterned to open up grooves for XeF 2 silicon etching beneath the microprobe ( figure 6(g) ). After the XeF 2 release process, the microprobes lose the physical connections with the wafer body and fall off the wafer by themselves. Selfreleased microprobes collected in a container are shown in figure 9 . Photographs of a single microprobe are displayed in figure 10 . The probe base is made of 0.8 × 0.5 × 0.1 mm 3 silicon on top of which there are three Al pads (one for the signal and the other two for the ground) that are connected to the top and bottom Al electrodes of the FBAR sitting at the probe tip. The SU-8 shank (1.5 mm long, 250 μm wide and 15 μm thick) extends from the silicon probe base to the FBAR sensor, and shows a slight warping due to residual stress. The SU-8 microprobe demonstrates excellent structural flexibility and sturdiness, as displayed in figure 11 . The microprobe is seen to bend about 70
• from its initial position due to an applied force. When the applied force is removed, the microprobe recovers its original shape. The developed SU-8 microprobe is flexible, yet is rigid enough to be inserted into a rat tissue, as shown in figure 12 . The S 11 of the FBAR on the microprobe is measured and plotted in figure 13 , where a fundamental resonance at 1.4 GHz and a second harmonic resonance at 2.6 GHz are observed. The Q's are in the range of 70-80, still lower than those of a typical FBAR, mainly due to a relatively large series resistance of the electrodes over the shank. Yet, the Q's have been improved from those of the probe built on a silicon shank, because the energy loss to the shank is greatly reduced, as SU-8 unlike silicon is electrically insulating.
To demonstrate the probe's sensing capability, the Si x N y side of the FBAR on the probe tip is coated with 500Å thick gold, and the SU-8 probe is used to detect Hg 2+ . The probe is mounted on a small printed circuit board (PCB) with its shank protruding out of the board. Bonding wires provide electrical connection between the probe and the pads at one end of the PCB, while the other end of the PCB is soldered to an SMA connector which is connected to a network analyzer ( figure 14) . The resonant frequency of the FBAR sensor is recorded before the sensor is inserted into a target solution. The probe is then brought into the solution where the FBAR sensor interacts with the analytes sufficiently. After the probe is taken out of the solution, rinsed with DI water and dried with a nitrogen gun, the resonant frequency is again measured and the frequency shift is noted. The second harmonic resonance (2.6 GHz) of the FBAR is used in this experiment, where the sensor shows no or very little response to DI water, 100 mM K + solution and 100 mM Na + solution, as expected. However, the resonant frequency of the sensor drops hundreds of kHz in the presence of Hg 2+ with various concentrations, as plotted in figure 15 , showing the effect of the added mass on the FBAR sensor surface due to the amalgamation of gold with mercury.
Conclusion
In this paper, a micromachined silicon probe and an SU-8 polymer probe with integrated FBAR sensors have been presented. The latter is shown to be flexible, yet rigid enough for insertion into a biological tissue, and to be able to detect various Hg 2+ concentrations in solutions. The approach to integrate FBAR sensors with micromachined probes provides a way to insert an FBAR sensor into a sensing environment such as tissue with minimal invasiveness. The developed microprobes with FBAR sensors are very easy to manipulate and operate, and can be applied to a wide range of applications.
